Escherichia coli rnh mutants defective in RNase H activity display the features of previously described sdrA (stable DNA replication) and dasF (dnaA suppressor) mutants: (i) sustained DNA replication in the absence of protein synthesis, (ii) lack of requirement for dnaA protein and the origin of replication (oriC), and (iii) sensitivity of growth to a rich medium. Both the sdrA mutants (selected for continued DNA replication in the absence of protein synthesis) and the dasF mutants (selected as dnaA suppressors) are defective in RNase H activity, measured in vitro. Furthermore, a 760-basepair fragment containing the rnh+ structural gene complements the phenotype of each of the rnh, sdrA, and dasF mutants, indicative of a single gene. One function of RNase H in vivo is in the initiation of a cycle of DNA replication at oriC dependent on dnaA+. In keeping with these results, RNase H contributes to the specificity of dnaA protein-dependent replication initiated at oriC in a partially purified enzyme system. Replication of the Escherichia coli chromosome starts at a unique site (oriC) and proceeds bidirectionally (1-3). The DNA fragment containing oriC has been cloned and sequenced (4, 5). Subsequent analyses of the structure and in vivo function of the oriC region have disclosed that a 245-base-pair sequence is required and that within this region certain unique sequences surrounded by defined stretches of spacer sequences must be strictly maintained (6, 7).
Replication of the Escherichia coli chromosome starts at a unique site (oriC) and proceeds bidirectionally (1) (2) (3) . The DNA fragment containing oriC has been cloned and sequenced (4, 5) . Subsequent analyses of the structure and in vivo function of the oriC region have disclosed that a 245-base-pair sequence is required and that within this region certain unique sequences surrounded by defined stretches of spacer sequences must be strictly maintained (6, 7) .
The initiation of replication at oriC is dependent on several gene products, particularly dnaA (for review, see ref. 8) . The dnaA protein, purified to near homogeneity (9) , is an essential component required at an early stage of the initiation reaction in an in vitro system which replicates oriC plasmids (10, 11) and binds a 9-base-pair sequence which appears four times in oriC. The dnaB and dnaC gene products, essential for ongoing replication, are also required during or shortly after initiation (12, 13) . RNA polymerase has also been implicated by the inhibitory effect of rifampicin at this stage of replication (14) and by a dnaA suppressor identified with rpoB, the l3-subunit gene of RNA polymerase (15) .
The initiation of each new round of replication of the E. coli chromosome requires de novo protein synthesis (14, 16, 17) . The biochemical nature of this requirement for protein synthesis is still unknown. Mutants, termed constitutive stable DNA replication (Sdrc) mutants, have been isolated that maintain DNA synthesis despite the absence of protein synthesis (stable DNA replication) (18, 19) . One of these mutant alleles (sdrA224) maps at 5 min between metD and proA (unpublished observations). The sdrA224 mutant tolerates transposon insertional inactivation of the dnaA gene or oriC deletion (20) . A group of extragenic suppressor mutations (dasF) of dnaAts mutations has been located near proA (21 Protein concentration was determined (28) with bovine serum albumin as a standard. Transformation with plasmid DNA was carried out as described (26) .
In vitro reactions (25 ,ul) for DNA replication were for 30 min at 30°C as described (29, 30 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (a) rnh-59 ON152 (a) rnh-91 AoriCIO71 ( oriC-dependent DNA replication system in vitro (see Table 3 below; also, unpublished observations) and the ability of an sdrA mutant to dispense with dnaA gene function and the oriC sequence (20) (18, 21) and all these mutations cause the Sdrc phenotype, we examined the possible identity of these three genes. In addition to constitutive stable DNA replication (Sdrc), sdrA and dasF mutants exhibit three other phenotypic features in common: Das (suppression of dnaA), Dos (suppression of AoriC), and Srm (sensitivity to rich media) (ref. 20 ; unpublished observations). The rnh mutants were examined for these additional phenotypic features. As shown in Fig. 2 , the rnh-91 mutation suppressed the temperature sensitivity of dnaA5 when transferred into DK175. This Das activity was 13% linked to metD. The rnh-91 mutation also suppressed dnaA850::TnJO transferred into ON152. The Das phenotype of rnh-91 mutant (AQ1732) was complemented by pSK760 (Fig. 2) . The rnh-91 mutation also enabled cells to dispense with the oriC sequence, although growth was significantly perturbed. AQ1760 in Fig. 2 is an example of AoriC rnh-91 constructed by the procedure reported previously (20) .
ON152 (rnh-91) is not sensitive to rich media (22) . However, when the rnh mutation was transferred into DK175 by selection for the Das phenotype, all the Das-clones were sensitive to rich media (Srm-). It appears that ON152 con- tains a suppressor mutation (sis) (unpublished observations) that specifically alleviates the Srm-phenotype of sdrA mutants. The Srm-phenotype of AQ1732 (rnh-91) was complemented by pSK760 (Fig. 2) . (Fig. 3) . The vector, pBR322, did not affect the Sdrc phenotype of the sdrA224 mutant (data not shown). The Srm-phenotype of sdrA and dasF mutants was also suppressed by pSK760 (Fig. 2) .
Complementation of the Das phenotype of sdrA and dasF showed certain complexities ( Fig. 2) times, a 0.5-ml portion of the culture was withdrawn and radioactivity in the acid-insoluble fraction was measured. (A) AQ634 (wild type); (B) AQ666 (sdrA224); (C) AQ1355 (dasF373 dnaAS). Reactions using replicative form (RF) I DNA of M13oriC26 (a chimeric M13 phage containing the E. coli oriC+ sequence) (34) or of phage 4X174 as template (600 pmol) were in the presence (+) or absence (-) of dnaA protein (50 ng) and RNase H (2 ng).
DISCUSSION
In this report, we have shown that rnh (RNase H) mutants exhibit several distinctive phenotypic features: Sdrc (constitutive stable DNA replication), Srm (sensitivity to rich media), Das (dnaA-suppression), and Dos (oriC-suppression). sdrA mutants, isolated as mutants capable of constitutive stable DNA replication, and dasF mutants selected for their ability to suppress dnaAt's mutations, were defective in RNase H activity (Table 2) . Furthermore, the phenotypes due to each of these three independent mutations were complemented by a 760-base-pair segment of E. coli chromosome containing the rnh gene carried by pSK760. This sequenced segment (24) contains no complete gene except that for RNase H. Thus the sdrA, dasF, and rnh genes appear to be identical.
These findings have indicated a role for RNase H in the initiation of replication of the E. coli chromosome. The fact that rnh mutants can survive the absence of the dnaA function and the oriC sequence implies that chromosomal replication can be initiated at other sites in a dnaA-independent mechanism and that, in wild-type cells, RNase H prevents the use of this alternative initiation system. This specificity activity of RNase H was directly demonstrated in vitro (Table 3). Discriminatory actions by RNase H have also been reported in vitro in replicon-specific replication of fd viral DNA (35) and ColEl DNA (36, 37) . The simplest explanation for the role of RNase H is that it eliminates an RNA transcript hybridized to template DNA that would allow abnormal priming of DNA replication. This explanation does not exclude a more direct involvement of RNase H in dnaAand oriC-dependent initiation, for example, in the creation of a correct primer terminus for DNA synthesis as in the ColEl system (38) . Another possible role for RNase H is in the removal of the 5' terminus of longer primer RNA linked to the nascent short DNA (Okazaki) fragments during discontinuous DNA replication (22) .
At present, little is known about the molecular mechanism of initiation of replication in rnh (sdrA) mutants. DNA replication in these mutants is recA+ independent unless protein synthesis is inhibited (39) , suggesting the presence of a dnaA-dependent oriC-dependent replication system (see below). Operation of the stable replication pathway would also be possible under recA+ conditions. However, the broth sensitivity of these mutants suggests that replication is not as efficient as in wild-type cells. Under dnaA-oriC-conditions, the rnh mutants depend totally on the stable replication pathway. Slow growth of the rnh AoriC mutant suggests the inefficiency of this pathway.
Genetic studies suggest that stable replication is one of the recA+ lexA+-dependent SOS functions (40, 41) . In wild-type cells, stable replication can be induced by several treatments that induce SOS functions. Protease-related activity of recA protein may be required to establish stable replication, and maintenance of stable replication may depend on the recombination activity of recA protein (39, 40) . A better under-Proc. Nati. Acad. Sci. USA 81 (1984) standing is needed of the events leading to stable replication in wild-type cells and of the relationship of induced stable replication in wild-type cells to constitutive stable replication in rnh (sdrA) mutants.
